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O ptical coherence tomography (OCT) provides in vivo, three-dimensional (3D), high-speed and high-resolution cross-sectional imaging of anterior and posterior eye structure. 1 It has significantly improved our understanding of eye physiology and the pathogenesis of various ocular diseases and helped in disease diagnosis and management. 2 Optical coherence tomography not only provides high-definition imaging of the morphology of normal or diseased eye tissue, but also makes quantitative measurement available. Currently, there are two automatic measurements provided by most commercial OCT machines: peripapillary retinal nerve fiber layer (RNFL) thickness and total retinal thickness. Advanced image analysis further provides measurement of optic nerve head, 3 macular ganglion cell complex, 4 choroidal thickness, 5 and so on. The caliper function is also provided by commercially available OCT software to manually measure the size of macular hole and make other distance-based measurements.
Currently, most of the available OCT quantitative measurements provide spatially dimensional parameters. Optical coherence tomography images, however, deliver two basic types of information: dimension and signal/reflection intensity. Measurement of optical intensity on OCT may provide additional information augmenting morphology-based quantitative characteristics. It has been qualitatively observed that OCT optical intensity changes in several ocular diseases. For example, optical intensity of inner retina increases in retinal artery occlusion. 6 In age-related macular degeneration, the optical intensity increases with development and regression of choroidal neovascularization. 7 However, quantitative assessment of OCT intensity remains much less reported compared to morphologic analysis. In 2000, Pons et al. 8 reported that the internal reflectivity of RNFL was lower in patients with glaucoma compared to controls. This observation was recently confirmed using spectral-domain OCT. 9, 10 The optical intensity was also quantitatively investigated in subretinal space, 11, 12 photoreceptor, 13 and intraretinal space 14 and in choroidal neovascularization. 15 Outside the retina, it has also been investigated in filtering blebs 16 and posterior capsule. 17 However, to the best of our knowledge, no study has been devoted to optical intensities of retinal layers in normal subjects. Our work is an attempt to overcome the lack of such information about the normal ranges and physiological variations of optical intensities in individual retinal layers. In this study, we developed an automatic, 3D measurement of the optical intensities in all retinal layers segmented on 
METHODS

Study Subjects
This study was approved by the Institutional Review Board of Joint Shantou International Eye Center (JSIEC), Shantou University and the Chinese University of Hong Kong, and adhered to the tenets of the Declaration of Helsinki. Because of its retrospective nature, informed consent was not required from subjects. The medical records and OCT database of JSIEC from January 2012 to October 2012 were searched and reviewed. The inclusion criteria were as follows: The eye received a comprehensive ophthalmic examination including Topcon 3D-OCT; the eye was normal (cataract, corneal opacity, or refractive error between À6 diopters [D] and 6 D was allowed); the retinal structure was normal on fundus examination and OCT; the best corrected visual acuity (BCVA) was at least 20/40 to make sure the subject had good fixation and to exclude severe cataract. The exclusion criteria were high myopia or high hyperopia with refractive error more than 6 D, which may have aboral retinal structure; and glaucoma or retinal disease.
Optical Coherence Tomography
Spectral-domain OCT examination was performed using Topcon 3D OCT-1000 (Topcon Corporation, Tokyo, Japan). Macula was scanned using standard 6-3 6-mm protocol, in which 3D acquisition consisted of 64 B-scan slices. Axial and transverse resolution was 6 and 20 lm, respectively. A fundus photograph was obtained at the same time. The OCT image size was 512 3 64 3 480 voxels, or 11.72 3 93.75 3 3.50 lm. Image quality index was provided by the onboard OCT software. This is a quantitative parameter representing the signal strength of the scanned multiframe image; the algorithm is proprietary to the manufacturer and not publicly available. Raw, unprocessed data were exported from the OCT machine in .fds format for analysis.
Image Analysis
Eleven surfaces were automatically segmented using a validated 3D graph search approach. [18] [19] [20] [21] [22] The following layers were obtained between the surfaces: vitreous, RNFL, ganglion cell layer (GCL), inner plexiform layer (IPL), inner nuclear layer (INL), outer plexiform layer (OPL), outer nuclear layer (ONL), photoreceptor, and retinal pigment epithelium (RPE). Choroid was defined as a region 25 pixels wide immediately under the RPE; see Figure 1 . Layer-specific mean intensities were calculated for each layer in each individual. Interpreting the raw scan data as 16-bit grayscale images resulted in 65,536 levels of gray, ranging from 0 to 65,535. Because raw data were used, intensity was expressed in arbitrary units (AU) instead of decibels.
Statistical Analysis
The mean and standard deviation of optical intensities in all subjects were calculated for each layer. The optical intensities of all layers were compared between male and female subgroups by Student's independent t-test. Pairwise correlations between the mean intensities of all layers, as well as layerbased image intensity correlations with age and/or image quality index, were analyzed using Pearson's correlation. Correlation coefficient r was calculated. Multivariate regression analysis was used to adjust the effect of image quality on optical intensity. The adjusted variance considered image quality as normalizing parameter and was calculated as variance 3 (1 À r 2 with_image_quality ). Adjusted standard deviation was calculated as square root of the adjusted variance. 
RESULTS
Forty subjects were included in this study, 23 males and 17 females. The mean age was 37.9 6 14.9 years (range, 7-65 years). The mean image quality was 51.8 6 8.3. The mean, standard deviation, and variance of different layers' optical intensities are listed in the Table. Pairwise correlations of the optical intensities of various intraretinal layers (from RNFL to RPE) were moderate to good, with the correlation coefficient r ranging from 0.524 to 0.988, all P < 0.001 (Figs. 2, 3 ). Among these, the correlation of optical intensities between the block of GCL, IPL, INL, and OPL were very strong, with r > 0.934, P < 0.001 (Fig. 3) . In contrast, the correlations of intensities of the vitreous with intraretinal layers were only mild to moderate, with r ranging from 0.363 to 0.541 (P < 0.03), except for photoreceptor, r ¼ 0.250, P ¼ 0.119 (Fig. 3) . Choroid intensity was moderately correlated with retinal layers, r ranging from 0.418 to 0.725 (all P < 0.01, Fig. 3) .
The image quality index was strongly correlated with optical intensities of retinal layers (0.748 < r < 0.973, all P < 0.001) and moderately correlated with vitreous intensity (r ¼ 0.528, P ¼ 0.0005) (Figs. 3, 4) . The variance after normalization with image quality was lowest in ONL, followed by INL, OPL, IPL, and GCL, and was highest in RNFL, RPE, and photoreceptor (Table) .
There was no statistical difference in optical intensities in any layer between males and females (all P > 0.05). Age was not correlated with optical intensities for any layer except for the RNFL, which showed a weak but statistically significant correlation, with r ¼ À0.365, P ¼ 0.020 (Fig. 5) . The correlation remained significant after adjustment of image quality index (b ¼ À24.2, P ¼ 0.025).
DISCUSSION
In this study, we established an automatic quantitative measurement of optical intensities in retinal layers depicted by 3D-OCT. Using this technique, we found that the optical intensities of various intraretinal layers were correlated with each other and the image quality. The variance of optical intensities was lowest in ONL and highest in RNFL, RPE, and photoreceptor. Our results also demonstrated that the optical intensity of RNFL decreased with aging.
In the literature on OCT optical intensity quantitative analysis, a few studies used raw data, 14, 23, 24 while others used exported pictures in formats such as .jpeg, 11, 25 .tiff, 26 or .bmp. 12 Image processing or compressing may change the intensity value, and raw data analysis was used in our study. Most reports have analyzed 1D A-scan 14, 23, 24 or 2D images 11, 12, 15 and focused on only one or two layers, while our analysis is based on 3D data and included all currently segmented retinal layers. As a result, our study provides more complete information about the scanned area. Furthermore, the analyses reported in the literature were mostly manual, while our study is based on a validated automatic segmentation method 20, 22, 27 and therefore calculation of the intensities in each layer eliminated interobserver variability. Although our study used the data from Topcon 3D OCT-1000 (Topcon Corporation), the algorithm can be applied to SD-OCT images from other manufacturers.
The OCT optical intensities may be affected not only by the reflectivity of the tissue itself, but also by the strength of the underlying laser light signal, which may be affected by opacity changes along the visual axis caused by corneal opacity, cataract, and/or vitreous hemorrhage, as well as by the power of the OCT laser light, scan technique, and the position of the eyeball during examination. It has been reported in 2D-OCT that neutral-density filters induced a linear decrease of reflectivity in OCT images depending on initial signal intensity. 24 Our results showed that the optical intensities in different layers linearly correlated with each other. This is not surprising, since the variations of optical intensities in normal subjects are small. Optical intensities were also inevitably strongly correlated with image quality index, which represented signal strength in Topcon 3D OCT-1000 (Topcon Corporation). Therefore, our study confirmed that optical intensity was affected by the signal strength.
The absolute OCT intensity was used first to represent reflectivity. 14, 23, 28, 29 However, as mentioned above, the optical intensity in OCT was related not only to tissue reflectivity, but also to signal strength. It is necessary to normalize the intensity with respect to the signal strength. In the literature, vitreous, RNFL, and RPE have been chosen by others as a reference to normalize the optical intensity. [11] [12] [13] 15, 26 A possible reason is that vitreous has the lowest intensity while RNFL or RPE has the highest intensity. However, our results showed that in normal subjects, RNFL and RPE have the largest standard deviation of all layers. Furthermore, the correlation between the optical intensity in RNFL and/or RPE with that of other retinal layers or with image quality index was only moderate. Although the optical intensity of vitreous has a small standard deviation, its correlation with that of other retinal layers or with image quality index was low. In contrast, the optical intensities in GCL, IPL, INL, OPL, and ONL were highly correlated with each other and with image quality. The variance after adjustment of correlation with image quality index was lowest in ONL, followed by INL, OPL, IPL, GCL, RNFL, and RPE, and highest in photoreceptor. Based on these results, ONL is a better choice as a reference normalizing optical intensity than vitreous, RNFL, or RPE.
The image quality index itself, which represents signal strength in Topcon 3D OCT-1000 (Topcon Corporation), can also be used to normalize optical intensity. However, it should be noted that the underlying algorithm, the range, and even the naming convention are different across different devices. 30 For example, the range of image quality index is 0 to 100 with Topcon 3D OCT-1000 (Topcon Corporation) but 0 to 10 with Zeiss Cirrus OCT (Carl Zeiss Meditec, Dublin, CA). It may be imprecise to use a 10-scale metric for optical intensity normalization. The optical intensity of all areas, which had good correlation with optical intensities of intraretinal layers and image quality index, can also be the reference for normalization.
It has been reported that cataract will reduce the penetration into choroid. 31 The disturbances in the light path would reduce the image quality and therefore penetration of deeper tissue. In this study, we also found a high correlation of image quality with optical intensity in choroid (r ¼ 0.764, P < 0.001). It would be interesting to investigate the direct effect of cataract on the optical intensity of choroid. However, in this study, we excluded patients with severe cataract whose BCVA was lower than 20/40. Another shortcoming is that we did not quantitatively measure the severity of cataract. Therefore, the direct effect of cataract on the optical intensity of deep structures requires further investigation. Additionally, we found a weak negative correlation between RNFL, but not other layers, with age (r ¼ À0.365, P ¼ 0.020), even after adjustment for image quality. It is well recognized that the RNFL thickness is reduced in glaucoma patients 32 and higher-age subjects. 33 The optical intensity of RNFL was also reported to be lower in patients with glaucoma compared to normal controls or subjects with ocular hypertension. 8, 9 Our study was the first to show an age-dependent loss of RNFL intensity. Further investigations are needed to clarify the role of RNFL optical intensity in the diagnosis of glaucoma. We also believe that quantitative analysis of optical intensity can be applied to other ocular physical or pathological changes and provide novel insights into these conditions. In summary, we have reported an automatic quantitative measurement of optical intensity in multiple macular layers imaged using 3D-OCT. The results suggested that the optical intensities in retinal layers were correlated with each other and with image quality. The image quality index and optical intensity of ONL or all areas, but not vitreous, RNFL, or RPE, can be used to normalize the effect of signal strength on optical intensity. Our technique and results provide a reference for further studies of optical intensity in retinal diseases.
